We present the results of calculations of the surface phonon dispersion curves for Pt͑110͒ using density functional theory in the local density approximation and norm conserving pseudopotentials in a mixed-basis approach. Linear response theory is invoked and both the unreconstructed and the missing row ͑1 ϫ 2͒ reconstructed surfaces are considered. We find that the reconstruction is not driven by a phonon instability. Most of the observed phonon modes for the ͑1 ϫ 2͒ structure can be understood in terms of simple folding of the ͑1 ϫ 1͒ Brillouin zone onto that for the ͑1 ϫ 2͒ surface. The largest changes in the phonon frequencies on surface reconstruction occur close to the zone boundary in the ͑001͒ direction. Detailed comparison of atomic force constants for the ͑1 ϫ 1͒ and the ͑1 ϫ 2͒ surfaces and their bulk counterparts show that the bulk value is attained after three layers. Our calculations reproduce nicely the Kohn anomaly observed along the ͑110͒ direction in the bulk. We do not find a corresponding effect on the surface.
I. INTRODUCTION
In the area of surface science, two experimental techniques, electron energy loss spectroscopy 1, 2 and He atomsurface scattering, 3 have produced much of the anticipated data on the dispersion of surface phonons of several metals. From the frequencies of the modes at the high symmetry points and their dispersion along specific directions in the surface Brillouin zone, conclusions have been drawn about the changes in the nature of the bonding between the surface atoms as compared to those in the bulk. However, the complexity of the many-body interactions that control atomic vibrations require a detailed parameter free analysis which could be obtained only for a limited number of cases. Firstprinciples electronic structure calculations, for example, were feasible mostly for the frequencies of modes at the high symmetry points. 4 The majority of the theoretical discussion of the surface phonons centered around the usage of various types of force constants to fit the experimental data, leading to a good bit of debate about their validity and implications. The situation has changed with the availability of more efficient computational codes and enhanced computer power, as documented by a recent review article 5 in which the dispersion of the phonons of the low Miller index surfaces of several transition and noble metals have been presented. A quick look at Ref. 5 will show that while there are some genuine features in all dispersion curves, the details are specific to the elemental metal and the surface geometry. One issue not addressed in this review article is the relationship, if any, between surface reconstruction and surface phonon dispersion. Our interest in this paper is to present a comparative analysis of the dynamical factors controlling the dispersion of surface phonons on the ͑1 ϫ 2͒ missing row reconstructed and the unreconstructed ͑1 ϫ 1͒ Pt͑110͒. The focus on Pt surfaces stems from their relevance to catalysis and four decades of work in material science. A comparison of the structural and dynamical properties of the reconstructed and unreconstructed surface may provide some insights into why the surface reconstructs. At the very least it would settle the issue of whether such information may be obtained from phonon dispersion curves. Questions about the existence of a surface phonon anomaly as an extension of one in the bulk have also been raised for Pt͑111͒. [6] [7] [8] [9] Our effort is to examine also whether such an anomaly is present on Pt͑110͒. The focus in this paper is thus on the details of the phonon dispersion curves of the reconstructed Pt͑110͒ surface which we obtain from a combination of first-principles electronic structure calculations based on density functional theory in the local density approximation and linear response theory. Comparison is made with the phonon dispersion curves of unreconstructed Pt͑110͒, which has already been presented in Ref. 5 . For insights into the mechanisms underlying the bulk phonon anomaly, we also present an analysis of the bulk phonon dispersion curves and the characteristics of the interatomic force constants. An evaluation of the comparative changes in the force constants between atoms on the reconstructed and unreconstructed Pt͑110͒ surface is also made to observe the trends. In Sec. II, we provide a summary of the calculational technique. This is followed in Sec. III of the results and discussions. Conclusions are presented in Sec. IV.
II. DETAILS OF THEORETICAL CALCULATIONS
First-principles calculations of the total energy of the system were performed using the mixed-basis pseudopotential method. 10 To represent ion-electron interaction a normconserving pseudopotential for Pt was used in the local density approximation ͑LDA͒ for electron-electron interaction, 11 a Hedin-Lundqvist form of the exchange-correlation functional was employed. 12 For the valence states of Pt, d-type local functions at each Pt site, smoothly cut off at a radius of 2.1 a.u., and plane waves with a kinetic energy of 16.5 Ryd were applied. Integration over the irreducible Brillouin zone ͑BZ͒ were carried out using a number of special k points ͑12ϳ 24 k points͒. A Fermi level smearing of 0.014 Ryd was employed. Figure 1͑a͒ shows two types of surface structures: ͑1 ϫ 1͒ unreconstructed and ͑1 ϫ 2͒ missing-row reconstructed ͑110͒ surfaces. For simulating the ͑110͒ surfaces, supercells containing 11 layers ͓11 Pt atoms for ͑1 ϫ 1͒ and 20 atoms for ͑1 ϫ 2͔͒ were used with inversion symmetry. Structure relaxation was carried out by calculating forces using the Hellmann-Feynman theorem until forces on all atoms were less than 0.001 Ryd/ a.u.. The calculations of phonon dispersions were performed using linear response theory within a mixed-basis perturbation theory approach. 13 Phonon dispersion curves were obtained by standard Fourier interpolation method using a ͑4 ϫ 6͒ q-point mesh for the ͑1 ϫ 1͒ and a ͑2 ϫ 6͒ q-point mesh for the ͑1 ϫ 2͒. Surface force constants were combined with the bulk force constant by adding an asymmetric bulk slab of 100 layers to obtain projected bulk phonon modes. ͑As a result, one side of the slab is an ideal bulk-terminated surface.͒ For the bulk phonon calculation an ͑8 ϫ 8 ϫ 8͒ q-point mesh was used. Surface modes were identified by a weight larger than 20% in the first two layers.
III. RESULTS AND DISCUSSIONS

A. Bulk phonon dispersion
Our calculated bulk phonon dispersion curve is shown in Fig. 2 . In Fig. 2͑a͒ the whole dispersion curve along the significant symmetry points in BZ along with the available experimental result 14 while the portion of the dispersion curve for ͑110͒ direction is separately shown in Fig. 2͑b͒ to emphasize the existence of the weak bulk anomaly. The two bottom branches are TA modes and the upper one is a LA mode. Overall, the calculated phonon frequencies are in excellent agreement with the experiment, even describing all anomalous features along ͑110͒ direction. The very good sampling of the Fermi surface integration, which was needed for obtaining the anomalous features, required up to 8000 k-points in the whole BZ. The anomaly is due to Fermi surface nesting which is associated with transitions along ͑110͒ direction across the parallel portion of the Fermi surface formed by the fifth bulk band. 15 According to the previous force constant parametrization method, 8 six nearest-neighbor ͑NN͒ couplings were necessary to correctly produce the weak anomaly. Our analysis of the first-principles force constants shows that the anomaly is due to couplings well beyond second NN in agreement with the above mentioned parametrization. The important force constants relevant for the anomaly are very small ͑Ͻ10% of NN coupling͒ and lead thus only to a weak anomaly.
B. Surface phonon dispersions
Before discussing in detail the surface phonon dispersion for Pt͑110͒, we would like to emphasize that all calculations are performed for fully relaxed structures. For completeness, we provide in Table I the relaxation parameters for the ͑1 ϫ 1͒ and the ͑1 ϫ 2͒ structures of Pt͑110͒. The results are in agreement with other calculations as well as experimental data. 16 For later discussions, we present in Figs. 1 and 3 the top, as well as, the side view of the ͑1 ϫ 2͒ structure with labeling of the different inequivalent atoms. One should keep in mind that the ͑1 ϫ 1͒ surface is described by one-atom per layer, while for the ͑1 ϫ 2͒ surface there are two inequivalent atoms per layer which for symmetry reasons for odd numbered layers lead to the experimentally observed buckling. In Fig. 4 , we have plotted the phonon dispersion for the unreconstructed surface. Note that this dispersion curve can be found in Ref. 5 . However, for comparison with those for the ͑1 ϫ 2͒ structure, it is important that we include them here and present them such that the results are mapped onto the reduced BZ compatible with the ͑1 ϫ 2͒ structure, with the dashes and the white circles representing the mapped bulk and surface states, respectively. We find in Fig. 4 a very rich spectrum of surface states and surface resonances especially along ⌫-X and X-SЈ directions which is directly a consequence of the mapping onto a reduced BZ. The dispersion along the YЈ-⌫ direction can be understood simply in terms of the doubling of that along the Y-⌫ direction as a consequence of the BZ folding in the ͑001͒ direction for the ͑1 ϫ 2͒ structure. Figure 5 shows the results for the ͑1 ϫ 2͒ missing-row structure. Along the ⌫-X and YЈ-⌫ direction the number of surface modes and resonances is remarkably reduced due to the fact that symmetry breaking at the surface allows the coupling of some pure surface modes for the ͑1 ϫ 1͒ structure to bulk modes thus leading to a decay. Most of the remaining modes are still very similar in character to those for the ͑1 ϫ 1͒ structure. At the ⌫ point, all surface modes have disappeared compared with the results of the unreconstructed surface. At the X point, the biggest change occurs for the Rayleigh wave frequency and a high frequency mode around 20 meV. Other modes hardly change their frequency unless they are one of the ones that decay, as discussed above. Along the SЈ-YЈ direction, the difference between the ͑1 ϫ 2͒ and the ͑1 ϫ 1͒ structure is most apparent. As a result of the symmetry breaking in this direction, formerly degenerate modes split and acquire very different frequencies leading to a rich scenario of true surface modes between 17 and 23 meV at the SЈ point. The low lying modes have also been substantially modified and stiffened. At the YЈ point, the very pronounced surface resonance around 20 meV has to be mentioned, which is mostly polarized along ͗110͘ and which is absent on the unreconstructed surface. At the lower end of the spectrum, the Rayleigh mode frequency is hardly modified, however, some new modes appear close to YЈ. It is worth noticing that there is no instability seen either in the ͑1 ϫ 1͒ nor in the ͑1 ϫ 2͒ spectrum; thus no indication of strong electron phonon coupling leading to the reconstructed phase could be found. Our calculations also do not indicate any apparent anomaly at the surface to be related to the observed bulk phonon anomaly along ͑110͒. This is not surprising since this anomaly required a very special nesting feature of the Fermi surface which might not be present at the surface; furthermore, matrix element effects might also influence this anomaly strongly since, already in the bulk, it was not very pronounced. Having discussed the behavior of the phonon dispersion curves, we will now concentrate on a detailed comparison of the atomic force constants that emerge from our first-principles calculations for the ͑1 ϫ 1͒ and ͑1 ϫ 2͒ surfaces and those in the ideal bulk structure.
C. Analysis of bulk and surface force constants
In Table II , we present the force constants between atoms in the bulk up to the third NNs. While these numbers are informative, we need to find a more compact notation with which we can examine signatures of very long range interactions amongst the atoms. For such a purpose, it is useful to employ a condensed notation for measuring the coupling strength. We do this through an average force constant I ij between atoms i and j, defined as
where ⌽ ␣␤ ij are the individual force constant components along the Cartesian coordinates ␣ and ␤. The results for the average bulk force constant, up to the ninth NN, are summarized in Table III . We note that there are basically three groups of parameters: the force constants between the first NN, which are obviously the most dominant, those between the second and fourth NN, which are roughly one order of magnitude smaller than the former, and finally those between the fifth and ninth NN, which are another order of magnitude smaller. As we have already commented, the presence of interactions up to the ninth NN makes the case of bulk Pt distinct from that of metals like Ni and Cu for which interactions decay faster. 5 This slow decay for the case of Pt results from Fermi surface nesting and ultimately accounts for the weak Kohn anomaly in the bulk phonon spectrum. We now turn to Tables IV and V for a summary of the calculated average force constants between NN atoms in our supercell. The intralayer average force constants in Table IV naturally reflect a single bond length of 5.262 a.u., while surface relaxations, buckling, and pairing presented in Table  I account for the range of bond lengths that appear in the interlayer average force constants in Table V . As compared to the average force constants between NN atoms in the bulk, as shown in Table III , we find the changes to be dominant in the first two layers on the unreconstructed Pt͑110͒ and in the first three layers on the reconstructed Pt͑110͒ because of the missing rows in the first layer. When we compare the force constant matrices of the unreconstructed Pt͑110͒ with those of the reconstructed surface, a characteristic signature for reconstruction is not found. Interlayer average force constants are shown in Table V . First of all, the changes of the first NN average force constants of the unreconstructed and the reconstructed Pt͑110͒ are perfectly consistent with the relaxations in Table I . Buckling of the third layer in reconstructed Pt͑110͒ is also well described by two sets of the average force constants ͓͑2,3͒ − ͑2,3Ј͒ and ͑3,5͒ − ͑3Ј ,5Ј͔͒. Other than that, force constants of the unreconstructed and the reconstructed Pt͑110͒ are very similar. As in bulk, the force constants decrease by one order of magnitude for bond length larger than 7.442 a.u. and at least two orders of magnitude smaller for bond length larger than 12.889 a.u. On the other hand, as compared with those for bulk, the intralayer average force constants for the first NN bond length are softened while the interlayer average force constants for the first NN bond length are stiffened. The intralayer average force constants for the reconstructed surface shows more softening than those for the unreconstructed surface while the interlayer average force constants for the reconstructed surface are similar to those for the unreconstructed surface. These points are further illustrated in a plot in Fig. 6 of the variations of the interlayer average force constant for reconstructed Pt͑110͒.
IV. CONCLUSIONS
We have presented here calculated surface phonon dispersion curves for Pt͑110͒ using density functional theory in the local density approximation and the norm conserving pseudopotential method in a mixed-basis approach. Linear response theory is invoked and both the unreconstructed phase, as well as, the missing-row ͑1 ϫ 2͒ reconstructed surface are considered. While several interesting features are found in the phonon dispersion curves, we do not find the presence or indication of dramatic phonon anomalies which could have pointed to a rationale for phonon driven surface reconstruction. Most of the observed phonon modes for the ͑1 ϫ 2͒ structure can be understood in terms of a simple folding of the ͑1 ϫ 1͒ Brillouin zone onto that for the ͑1 ϫ 2͒ surface. A detailed comparison of force constants between the ͑1 ϫ 1͒ and the ͑1 ϫ 2͒ and their bulk counterparts shows that the bulk value is attained after three layers. While our calculations reproduce nicely the Kohn anomaly observed along the ͑110͒ direction in the bulk, we do not find a corresponding effect on the surface. 
